Flavonoid biosynthesis in grape (Vitis spp.) berry skin is affected by environmental factors such as light and temperature. However, the components of the light signaling and low-temperature-induced abscisic acid (ABA) signaling networks related to flavonoid accumulation in grape berry skin have not been fully elucidated, and how environmental conditions affect these components remains unclear. To clarify the details of the possible light-and ABA-related signal transduction networks, we developed a grape oligo-DNA microarray (38,549 independent probes) using the publicly available genomic sequence of grape, and performed comprehensive transcriptome analysis using detached 'Pione' grape (Vitis labruscana × V. vinifera) berries cultured under different light and temperature conditions. Using the microarray data, we explored the light-inducible and low-temperature-inducible genes in post-veraison grape berries. We identified 40 lightinducible genes, 55 low-temperature-inducible genes, and 34 genes induced by light plus low temperature. Among these, we selected elongated hypocotyl 5 (HY5), open stomata 1 (OST1), and enhanced response to ABA 1 (ERA1) as candidate light-inducible, low-temperature-inducible, and light-plus low-temperature-inducible genes, respectively. We investigated their detailed expression characteristics in grape accessions by means of quantitative real-time polymerase chain reaction analyses, and hypothesized that HY5, OST1, and ERA1 might be involved in flavonoid biosynthesis via light signaling and low-temperature signaling networks. We also established an extensive catalog of gene expression patterns to support future investigations of other candidate genes that respond to light and temperature in grape berry skin.
Introduction
Anthocyanins and flavonols, which are two classes of flavonoids, are secondary plant metabolites that accumulate in various plant organs. The skin color of grape (black, red, or white) is mainly determined by the content and composition of anthocyanins, and flavonols contribute to wine color through co-pigmentation with anthocyanins (Baranac et al., 1997) . Coloration of grape berry skin is an important determinant of consumer preference and marketability. However, in regions with a warm climate, decreased grape quality, such as poor coloration, is a common problem mainly caused by high temperatures during the maturation stages (Teixeira et al., 2013; Winkler et al., 1962) . Because of the commercial importance of grape, it is important to learn how grape coloration is affected by environmental factors, as this knowledge may contribute to more stable production of high-quality grapes despite global atmospheric warming.
Many genes that encode the enzymes of the flavonoid biosynthesis pathway in grape have been isolated (Sparvoli et al., 1994) . Some MYB-related transcription factors such as VvMYBA1, VvMYBA2, VlMYBA1-2, VlMYBA1-3, and VlMYBA2 have been identified and shown to regulate anthocyanin biosynthesis (Azuma et al., 2008; Kobayashi et al., 2004; Walker et al., 2007) . The grape color locus has been suggested to be a cluster of MYB genes spanning a 200-kb region of chromosome 2 (Azuma et al., 2009; Fournier-Level et al., 2009 ). Since the adjacent MYB genes in the color locus are inherited together, these can be regarded as an MYB haplotype (Azuma et al., 2008 (Azuma et al., , 2011 . Haplotype A is non-functional, and white-skinned accessions are homozygous for it. E1 and E2 are functional haplotypes, and we found that the genotypes of tetraploid black grapes, such as 'Pione' and 'Kyoho', are A/A/E1/E2 (Azuma et al., 2011) . On the other hand, tetraploid red grapes, such as 'Aki Queen' and 'Queen Nina', were shown to contain only a single functional haplotype (A/A/A/E1). Thus, anthocyanin content is mainly determined by the type and number of MYB haplotypes. It has been suggested that the activity of flavonol synthase (FLS) is required for flavonol biosynthesis because the expression of FLS increases during ripening, coincident with the accumulation of flavonols in grape berry skin (Downey et al., 2003) . Czemmel et al. (2009) found that the MYB-related transcription factor MYBF1 is a transcriptional regulator of FLS. In addition, several reports have suggested that other MYB-family proteins, such as MYB5a, MYB5b, MYBPA1, and MYBPA2, appear to regulate several genes in the common steps of the flavonoid biosynthesis pathway Deluc et al., 2006 Deluc et al., , 2008 Terrier et al., 2009) .
Previous reports indicated that light and temperature are important environmental factors that affect flavonoid biosynthesis in many plants (Bowler and Chua, 1994; Christie and Jenkins, 1996; Christie et al., 1994; Dela et al., 2003; Ubi et al., 2006) . In many grape accessions, such as black grapes 'Pione' and 'Kyoho', and red grape 'Aki Queen', the accumulation of anthocyanins in berry skin begins after the onset of ripening (veraison) and is affected by light and temperature conditions (Azuma et al., 2012; Kliewer and Torres, 1972; Matus et al., 2009; Tomana et al., 1979a, b; Yamane et al., 2006) . Several studies found that the expression of the flavonoid biosynthetic genes and MYBrelated genes in grape berry skin was induced by light, low temperature, or both, but was suppressed by shading and high temperature (Azuma et al., 2012; Jeong et al., 2004; Matus et al., 2009; Mori et al., 2005; Yamane et al., 2006) . Recently, we found that the accumulation of anthocyanins depended on both light and low temperature (Azuma et al., 2012) . However, the dependence of the effect of low temperature on lightdependent anthocyanin accumulation, and vice versa, remains poorly understood.
The level of the plant hormone abscisic acid (ABA) increases at veraison and enhances anthocyanin biosynthesis in grape berry skin (Coombe and Hale, 1973) . It has also been found that low temperature accelerates anthocyanin biosynthesis and that the endogenous ABA content in grape berry skin is positively correlated with the anthocyanin content in it (Koshita et al., 2007; Yamane et al., 2006) . On the other hand, our previous research suggested that light had a weaker effect than temperature on ABA content, although dark treatment greatly decreased the anthocyanin content (Azuma et al., 2012) . Thus, many reports have described the impact of environmental factors and ABA on flavonoid accumulation in grape berry skin. However, the components of the light signaling and low-temperatureinduced ABA signaling networks related to flavonoid accumulation in grape berry skin have not been elucidated, and how environmental conditions affect these components remains poorly understood.
The aim of the present study was to identify lightand low-temperature-inducible genes in post-veraison grape berries. As a first step, we developed a grape oligo-DNA microarray, and performed comprehensive transcriptome analysis using detached grape berries cultured under different light and temperature conditions. This allowed us to identify many light-and lowtemperature-inducible genes, as well as genes induced by both factors. Next, we investigated the expression levels of these candidate genes during several developmental stages in berry skin and in several organs, and determined some of the transcriptional characteristics of each gene.
Materials and Methods

Light and temperature treatments using detached grape berries
In vitro environmental experiments using detached grape berries were performed as described previously (Azuma et al., 2012 . After incubation, peeled berry skin was immediately frozen in liquid nitrogen and kept at −80°C until analysis. The 'Pione' data were obtained from our previous study (Azuma et al., 2012) , but the grapes from 'Aki Queen' were newly analyzed in the present study.
Analysis of anthocyanin and flavonol contents
The total anthocyanin content in grape skin was analyzed by the method of Shiraishi et al. (2007) , and was expressed as mg of cyanidin-3-monoglucoside (Extrasynthèse, Genay, France) equivalent per g of fresh berry skin. Total flavonol contents in grape skin Hort. J. 84 (3): 214-226. 2015. were analyzed by the method of Mazza et al. (1999) , with the slight modifications described by Azuma et al. (2012) . Statistical tests were performed using version 9.0.0 of the JMP statistical software (SAS Institute Inc., Cary, NC, USA).
Construction of a grape oligo-DNA microarray
A grape oligo-DNA microarray was constructed using the eArray system (Agilent; Santa Clara, CA, USA; https://earray.chem.agilent.com/earray/) according to the standard system protocols. Probes (60 oligonucleotides per probe) were constructed using the sequence data in public databases: 30,434 assembled mRNAs (8× coverage) in the Genoscope Grape Genome Browser (French National Sequencing Center; http://www.genoscope.cns.fr/externe/GenomeBrowser/ Vitis/entry_ggb.html; Jaillon et al., 2007) and 23,152 unique gene sequences in NCBI UniGene Vitis vinifera Build #8 (http://www.ncbi.nlm.nih.gov/unigene). In total, 38,549 independent probes were used in designing the custom grape oligo-DNA microarray in the 4 × 44K format of the Agilent system. Most of the probes (82.9%) were functionally annotated by using information available for other plants, predominantly Arabidopsis thaliana. The remaining probes (17.1%) could not be functionally annotated or had no homologs in other species. After we had developed the microarray, the grape genome sequence data (12× coverage) were released by Genoscope (http://www. genoscope.cns.fr/externe/GenomeBrowser/Vitis/). The 30,434 assembled mRNAs (8× data) were compared with the 26,346 assembled mRNAs from the 12× sequence data using BLASTN (Altshul et al., 1990) . In total, 25,880 of the 30,434 mRNAs from the 8× data (i.e., 85%) were similar to those in the 12× data (BLASTN e-value cut-off 1.1 × 10 −4 ). The summarized full correspondence data are available online (http:// cse.naro.affrc.go.jp/hfujii/grape_seq_data_8x&12x/ grape_seq_data_8x&12x.htm).
Microarray experiments and analyses
Total RNA was extracted from the grape skin of 'Pione' as described by Reid et al. (2006) using three biological samples from each of the four experimental conditions. The RNA concentration was measured spectrophotometrically (NanoDrop 1000; Thermo Fisher Scientific, Waltham, MA, USA), and the sample integrity was assessed using a Bioanalyzer (Agilent). Total RNA (250 ng) was labeled with Cy3 according to the instructions for the Quick Amp Labeling Kit (Agilent). Labeled cRNA was purified using the RNeasy Mini Kit (Qiagen, Hilden, Germany). The labeled samples were hybridized to the oligoarray slides using hybridization buffer from the Gene Expression Hybridization Kit (Agilent) at 65°C for 17 h in a hybridization chamber. After hybridization, the arrays were washed with Gene Expression Wash Buffer (Agilent) according to the manufacturer's instructions. After drying, the hybridized slides were scanned with a G2565A microarray scanner and the images were extracted using version 9.5 of the Feature Extraction software (Agilent).
Data analysis was carried out using the GeneSpring GX 10 software (Agilent; http://biology.chem.agilent. com/) and the Subio Platform (Subio Inc., Kagoshima, Japan; http://www.subio.jp/products/platform). Data normalization was carried out according to the manufacturer's recommended protocol (Agilent FE for 1 Color). The expression level of each gene was calculated as the mean value of three biological replicates for all treatments. Genes with up-or down-regulation > 3.0 times the value in another treatment were considered to have been significantly differentially expressed between the treatments. Using Venn diagram analysis based on seven conditions (pairs of treatments), differentially expressed genes were extracted into three groups: light-inducible genes, low-temperatureinducible genes, and light-plus low-temperatureinducible genes. Using the search function provided by Subio Platform, the extracted genes were further screened by searching for the following annotation keywords: light, UV, ABA, SnRK (SNF-related kinase), PP2C (protein phosphatase 2C), flavonoid, anthocyanin, and flavonol. The statistical significance of the difference in expression levels among treatments for each extracted gene was analyzed by means of two-way ANOVA.
Quantitative real-time polymerase chain reaction (qRT-PCR) analyses Verification of the microarray analysis
Total RNA was extracted as described above from three biological replicates for each of the four experimental conditions in 'Pione' and 'Aki Queen'. cDNA was synthesized using the PrimeScript II cDNA synthesis kit (Takara, Shiga, Japan), following the protocols described in the manufacturer's manuals. qRT-PCR was performed using a 7300 Real-Time PCR system (Applied Biosystems, Foster City, CA, USA) and a QuantiTect SYBR Green PCR kit (Qiagen), as described in the manufacturers' manuals. We determined the expression levels of three candidate genes [elongated hypocotyl 5 (HY5) , open stomata 1 (OST1), and enhanced response to ABA 1 (ERA1)] selected based on the magnitude of the difference in expression between 216 A. Azuma, H. Fujii, T. Shimada and H. Yakushiji treatments in berry skin. Primers for amplification of these genes are shown in Table 1 . Relative magnitudes of gene expression were calculated using the 2 −ΔΔCt method. The amounts of the transcripts were normalized against the levels of the Ubiquitin1 transcript (Bogs et al., 2006) . qRT-PCR was carried out with three biological replicates per treatment.
Expression levels of the candidate genes at several developmental stages in the berry skin and several organs
Berry skin was collected from black table grape 'Kyoho' (V. labruscana × V. vinifera) growing in a vineyard just before veraison (45 days after flowering, DAF), when the berries were beginning to color (48 DAF), when the berries had fully developed their redpurple color (52 DAF), and when the berries had fully developed their black color (77 DAF). Mature berry flesh, roots, tendrils, flowers, young leaves (expanded to ≈6 cm), and seeds (collected from the berries at 21 DAF) of 'Kyoho' were also collected. Total RNA extraction, cDNA synthesis, and qRT-PCR analysis were performed as described above.
Diurnal expression pattern of HY5
We used container-grown vines of 'Pione' in a greenhouse at our institute to examine the diurnal pattern of HY5 expression. We collected three berries per sample at 3-h intervals, from 0:00 to 21:00, on 3 August, 2011 (21 d after the onset of coloration, when the berries had fully developed their reddish-purple color). We also measured the light intensity (photosynthetic photon flux, PPF) near the grape bunches at 3-h intervals during the same period, on the same day, using a quantum radiometer photometer (LI-189; LI-COR, Lincoln, NE, USA). Total RNA extraction, cDNA synthesis, and qRT-PCR analysis were performed as described above.
Results
Total anthocyanin content and total flavonol content in the in vitro environmental experiment
Sufficient anthocyanin accumulation was observed in the grape skin of 'Pione' in the 15/L treatment, whereas the high-temperature (35°C) and dark treatments both greatly decreased anthocyanin accumulation ( Fig. 1) , as in our previous study (Azuma et al., 2012) . The total anthocyanin content in the grape skin of 'Aki Queen' showed a similar pattern to that in 'Pione'. The total anthocyanin contents of 'Aki Queen' were 0.14, 0.04, 0.04, and 0.03 mg·g −1 fresh weight in the 15/L, 15/D, 35/L, and 35/D treatments, respectively. The total anthocyanin content in the 15/L treatment was significantly higher than in the other treatments in both grape accessions, although the anthocyanin content of 'Aki Queen' was lower than that of 'Pione'. These results indicate that irradiation at low temperature induces sufficient anthocyanin accumulation. In the present study, we found that the total flavonol contents in the irradiation treatments were significantly higher than those in the dark treatments in 'Aki Queen', in line with our previous data for 'Pione' (Azuma et al., 2012) . These results suggest that irradiation is required to induce flavonol accumulation in berry skin. . The data for total anthocyanin content and total flavonol content in grape skin of 'Pione' were previously published (Azuma et al., 2012) . 
Screening of the light-and low-temperature-inducible genes using microarrays
Microarray analysis was carried out using detached grape berries of 'Pione' that had been incubated for 10 days under the four sets of environmental conditions. The complete microarray data have been deposited in the NCBI Gene Expression Omnibus (http://www. ncbi.nlm.nih.gov/geo/) series entry GSE64153.
As a result of this analysis, 40 genes were identified as light-inducible genes (Table 2) . We found seven genes related to flavonoid biosynthesis (annotation keywords anthocyanin, flavonoid, and flavonol). The expression of FLS was especially drastically up-regulated by light. Interestingly, genes in the light-signaling pathway, such as HY5 and constitutive photomorphogenic 1 (COP1), were found in this group. We also found that the 15/L treatment induced the expression of UV resistance locus 8 (UVR8: EC990084-C, GSVIVT00019292001), whereas dark treatment suppressed this expression even though this gene was not detected as a light-inducible gene in the present study based on our criteria (data not shown). On the other hand, genes related to ABA biosynthesis and signaling were absent. These results suggest that the effect of light on the expression levels of ABA-related genes is either weak or not significant.
An additional 55 genes were identified as lowtemperature-inducible genes (Table 3) . A total of 20 ABA-related genes (annotation keywords ABA, SnRK, and PP2C) were up-regulated by the low-temperature treatment. Interestingly, ABA-responsive genes, such as OST1, protein phosphatase 2C (PP2C), and responsive to desiccation 22 (RD22), were found in this group. These results suggest a strong effect of temperature on the expression levels of ABA-related genes. We also found that 35 genes related to flavonoid biosynthesis, including chalcone synthase (CHS), transparent testa 6 (TT6), and dihydroflavonol 4-reductase (DFR), were drastically up-regulated by the low-temperature treatment.
A total of 34 genes were identified as light-plus lowtemperature-inducible genes (Table 4 ). Four ABArelated genes, such as ERA1, and 14 light (including UV)-responsive genes were up-regulated; 16 genes related to flavonoid biosynthesis, such as transparent testa 7 (TT7) and CHS, were induced by this treatment.
Our particular focus in the present study is on candidate genes involved in the light-signaling and lowtemperature-induced ABA signaling networks related to flavonoid accumulation. We selected HY5, OST1, and ERA1 as the candidate genes for light, temperature, and light plus temperature responses, respectively, and investigated their expression in more detail.
qRT-PCR analyses Verification of the microarray analysis
qRT-PCR analysis was carried out to validate the expression patterns of the three candidate genes (HY5, OST1, and ERA1) in the grape skin of both 'Pione' and 'Aki Queen'. The results are summarized in Figure 2 . Expression levels of HY5 in the 15/L and 35/L treatments were significantly higher than those in the 15/D and 35/D treatments in both accessions. This result demonstrates that the expression level of HY5 is upregulated by light. The expression of OST1 was upregulated by the low-temperature treatment; this effect was independent of irradiation in 'Aki Queen'. The 15/L treatment up-regulated the expression of ERA1, whereas the dark and high-temperature treatments both significantly and severely down-regulated the expression of this gene in both accessions. These results suggest that both low temperature and light are needed to induce ERA1 expression. These results demonstrate that the results of our microarray analysis are reliable and that the expression patterns of these three genes are similar between black and red grape accessions.
Expression levels of the candidate genes at several developmental stages in berry skin and several organs
The expression levels of HY5, OST1, and ERA1 at several developmental stages in grape skin and in different organs of 'Kyoho' (a black table grape like 'Pione') are shown in Figure 3 . The expression level of HY5 in grape skin was high throughout the maturation stages, and was higher than in the other organs. The expression level of OST1 in grape skin tended to increase towards harvest time, and was much higher than that in other organs. These results suggest that HY5 and OST1 are highly expressed in grape skin during maturation. On the other hand, the expression level of ERA1 tended to decrease towards harvest, and was also high in the tendril, flower, and leaf tissues, although it was almost undetectable in the root and seed tissues.
Diurnal expression of HY5
Our diurnal expression analysis showed that the expression of HY5 was up-regulated from morning (starting when PPF increased above 0) until evening, and was severely down-regulated during the night (Fig. 4) . We investigated the light intensity change near the grape bunches on 3 August, and confirmed that the PPF was high from 09:00 to 15:00 and near-zero during the night. These results suggest that the expression level of HY5 might follow a circadian rhythm in grape skin, and that light exposure from morning until evening is important in the induction of HY5 expression.
Discussion
Many studies have elucidated the impact of environmental factors on flavonoid biosynthesis in grape berries (Kliewer and Torres, 1972; Matus et al., 2009; Mori et al., 2005) . However, we do not yet understand how the interactions between temperature and light affect flavonoid biosynthesis in post-veraison grapes because 
Gene model IDs (GSVIVT) refer to the Genoscope annotations (8× coverage).
y NS, not significant; * P < 0.05; ** P < 0.01; *** P < 0.001 (two-way ANOVA).
x L, light; T, temperature.
w Keywords contained in the gene description within the database of the custom grape oligo-microarray (GEO accession: GSE64153). y NS, not significant; * P < 0.05; ** P < 0.01; *** P < 0.001 (two-way ANOVA).
w Keywords contained in the gene description within the database of the custom grape oligo-microarray (GEO accession: GSE64153). Table 4 . Genes that were identified as light-plus low-temperature-inducible genes in 'Pione'.
Hort. J. 84 (3): 214-226. 2015. such studies are difficult under field conditions. On the other hand, in vitro experiments using detached berries enable us to control environmental conditions accurately. Therefore, this method has been used by many research groups to investigate the effects of environmental conditions on flavonoid biosynthesis in grape berries (Kataoka et al., 2003; Mori et al., 2007; Zheng et al., 2009) . In the present study, we developed a grape oligo-DNA microarray using the publicly available genomic sequence of grape (Jaillon et al., 2007) , and performed comprehensive transcriptome analysis using detached 'Pione' grape berries cultured under different light and temperature conditions. Using microarray data, we identified light-and temperature-inducible genes that might be involved in flavonoid biosynthesis in post-veraison grape berries. (low-temperature-inducible), and ERA1 (light-plus lowtemperature-inducible) in grape berry skin, as measured by qRT-PCR. All data are presented as means of three biological replicates. Error bars represent standard errors (SE). Means labeled with different letters are significantly different among treatments in each accession (P < 0.05, Tukey-Kramer test). All expression levels are relative to the expression of Ubiquitin1.
Light-inducible genes
We identified 40 light-inducible genes by microarray analysis (Table 2) . These included genes related to light signaling, such as HY5 and COP1. We also found some genes related to flavonoid biosynthesis, such as CHS and FLS, in this group. We further investigated the expression characteristics of HY5 in grape accessions by means of qRT-PCR, and found that HY5 expression was high during the maturation stages of berry skin, and was induced by light exposure (Figs. 2, 3 , and 4). HY5 is a . In Arabidopsis, HY5 is thought to regulate anthocyanin and flavonol accumulation positively by directly or indirectly binding to the promoters of genes for flavonoid biosynthesis, such as CHS and DFR Shin et al., 2007) . Peng et al. (2013) suggested that MdHY5 in apple is involved in UV-B signaling by binding to the promoter region of MdMYBA, which is responsible for anthocyanin biosynthesis. Previously, we reported that the expression level of VlMYBA1-2, which is responsible for anthocyanin biosynthesis in grape, was induced by light during the early stages of veraison (Azuma et al., 2012) . We also found that VlMYBA1-2 had the G-box-containing promoter (our unpublished data). The expression patterns of HY5 and VlMYBA1-2 were not correlated with the levels of anthocyanins in the grape skin of both 'Pione' and 'Aki Queen' ( Figs. 1 and 2 ; Azuma et al., 2012) . Our previous study suggested that many anthocyanin biosynthesis-related genes were up-regulated independently by either low temperature or light (Azuma et al., 2012) . These findings imply that an increase in the expression level of a specific gene involved in the regulation of anthocyanin biosynthesis would not result in increased anthocyanin accumulation. On the other hand, Stracke et al. (2010) reported that HY5 regulates the expression of MYB12, which is a transcriptional regulator of FLS, in response to light in Arabidopsis. Previously, it was found that the expression of genes related to flavonol biosynthesis, such as VvMYBF1 and FLS4, was drastically up-regulated by light (Azuma et al., 2012) . We also found that the expression pattern of HY5 was correlated with the levels of VvMYBF1 and FLS4 ( Fig. 2 and Azuma et al., 2012) . From the present find- ings and our previous studies, we hypothesize that HY5 is involved in the regulation of flavonoid biosynthesis through the regulation of MYB-related genes, flavonoid biosynthetic genes, or both in grape berry skin. COP1 was also found in the group of light-inducible genes (Table 2) . It was also found that light treatment induced the expression of UVR8, whereas dark treatment suppressed this expression even though this gene was not detected as a light-inducible gene in the present study. COP1 is considered to be one of the core members of the light signaling pathway, and UVR8 is a photoreceptor specific to UV-B (Osterlund et al., 2000; Rizzini et al., 2011) . COP1 and HY5 act together to promote a response to light, and HY5 promotes COP1 transcription via a positive feedback loop (Favory et al., 2009; Huang et al., 2012) . Favory et al. (2009) suggested that UVR8 detects UV-B, and that the resulting signal is transduced to COP1. Further research is necessary to clarify the roles of these candidate genes in the light signaling networks in grape berry skin.
Low-temperature-inducible genes
We detected 55 low-temperature-inducible genes, which included many flavonoid biosynthesis pathway genes, such as CHS, DFR, and MATE (Table 3) . Interestingly, many ABA-related genes, such as OST1, PP2C, and RD22, were also present in this group, whereas no ABA-related genes were identified in the group of light-inducible genes based on our criteria. Our previous study suggested that temperature has a greater effect than light on the ABA content in grape berry skin (Azuma et al., 2012) . These findings suggest that ABA-related genes in grape berries might be mainly affected by temperature conditions and not by light conditions. OST1 is an ABA-activated protein kinase (a homolog of SnRK2.2/SnRK2.3), which acts as a positive regulator of ABA signal transduction in Arabidopsis (Mustilli et al., 2002; Yoshida et al., 2002) . It has been suggested that the level of ABA in grape berry increases at the start of veraison and that this change promotes anthocyanin biosynthesis (Coombe and Hale, 1973) . It has also been suggested that low temperature increases ABA biosynthesis in grape berry skin and that anthocyanin accumulation is positively correlated with ABA content (Koshita et al., 2007) . In the present study, we found that OST1 was highly expressed in berry skin, and that the expression level increased after veraison (Fig. 3) . We also found that the expression of OST1 was up-regulated by low temperature (Fig. 2) . The expression pattern of OST1 was not correlated with the levels of anthocyanins and flavonols in the grape skin of both 'Pione' and 'Aki Queen' (Figs. 1 and 2 ). Our previous study suggested that ABA levels in detached grape berries were higher in lowtemperature treatment than at high temperatures (Azuma et al., 2012) . On the other hand, the effect of light on ABA content was relatively weak compared Hort. J. 84 (3): 214-226. 2015. with the effect of temperature, although anthocyanin accumulation in dark treatments was severely suppressed. From these findings, we hypothesize that low temperature and light have a synergistic effect on anthocyanin content, and OST1 might be involved in flavonoid biosynthesis via low-temperature-induced ABA signaling in berry skin.
Light-plus low-temperature-inducible genes
We detected 34 light-plus low-temperature-inducible genes, which included genes related to flavonoid biosynthesis, light, and ABA (Table 4) . Among them, we focused on the expression characteristics of ERA1, which encodes a beta subunit of farnesyl transferase involved in the ABA-mediated signal transduction pathway in Arabidopsis (Cutler et al., 1996) . It has also been suggested that ERA1 is a negative regulator of ABA signal transduction proteins (Koornneef et al., 1998) . The results of the present qRT-PCR analyses showed that the expression level of ERA1 was strongly affected by both light and temperature conditions, and the expression pattern was correlated with the levels of anthocyanins in the grape skin of both 'Pione' and 'Aki Queen' (Figs. 1 and 2 ). We also found that the expression level of ERA1 in berry skin tended to decrease towards harvest time (Fig. 3) . However, there have thus far been no reports about the function of this gene in grape. Therefore, more detailed functional characterization of this gene is needed to clarify whether it is involved in flavonoid biosynthesis via ABA signaling or other signaling networks in grape berry skin.
In summary, we developed a grape oligo-DNA microarray and used it to perform a comprehensive transcriptome analysis that enabled us to identify light-and low-temperature-inducible genes in post-veraison grape berries. On the basis of this analysis, we identified 40 light-inducible genes, 55 low-temperature-inducible genes, and 34 light-plus low-temperature-inducible genes. From the expression characteristics of three candidate genes, we hypothesize that HY5, OST1, and ERA1 might be involved in flavonoid biosynthesis via light signaling and low-temperature-induced ABA signaling. In addition, the extensive catalog of gene expression patterns defined in this study will serve as a valuable reference for future investigations, including the exploration of other candidate genes in grape berry skin that respond to light and temperature. Our findings will therefore contribute to improving our understanding of how grape coloration is affected by environmental factors at the molecular level.
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